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Introduction
Pronounced piezoelectric properties (425~570 pC/N) comparable to those of lead-based ceramics were recently reported in (K,Na)NbO 3 (KNN)-based ceramics with a rhombohedral-tetragonal (R-T) phase boundary [1] [2] [3] [4] [5] . These enhanced piezoelectric properties were attributed to the existence of the R-T phase boundary and the nanodomain structures, leading to an easy rotation of the polarization [4] [5] [6] .
When exploring the relationships between the phase structure and the piezoelectric properties in PZT-based ceramics, an intermediate phase between the rhombohedral (R) and tetragonal (T) phases was thought to play an important role in enhancing the piezoelectricity [7, 8] . However, few investigations have looked for an intermediate phase in KNN-based ceramics with an R-T phase boundary [9] . Moreover, the physical mechanisms of high piezoelectricity should be further explored.
Two predominant factors have been intensively considered as the origins of enhanced piezoelectric properties: polarization rotation (and extension) and domain structure [10] [11] [12] [13] [14] [15] [16] . For example, Cohen et al. theoretically reported that the polarization rotation from the R phase [P s //(111)] to the T phase [P s //(001)] can generate an excellent piezoelectric response in BaTiO 3 [10] . However, there is no group or sub-group relationship between the R and T phases; therefore, an intermediate phase is highly expected to bridge the two phases. An intermediate phase (e.g., orthorhombic or monoclinic phase) has been reported during the poling process in BCTZ and PMN-PT materials, which facilitated the polarization rotation and, thus, enhanced the piezoelectricity [11, 12] . Vanderbilt and Cohen theoretically extended the Devonshire theory from a sixth-order to an eighth-order expansion, and successfully explained the occurrence of a monoclinic phase in PZT with a morphotropic phase boundary (MPB) M A N U S C R I P T
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3 [16] . Therefore, the existence of an intermediate phase in KNN-based ceramics with an R-T phase is anticipated. In addition to the polarization rotation, the domain structures also affect the properties of a piezoelectric material, and nanodomain structures are especially sensitive to external stimuli (electric field or stress) [15, 16] .
In this work, the effects of an intermediate phase and nanodomain structures, and the physical mechanisms behind high piezoelectric properties are studied in detail using a typical sample of (1-x)K 0. 4 
Experimental
(1-x)K 0. 4 (99.5%). After being precisely weighted according to the formula, the raw materials were ball-milled for 24 h with zirconia ball media and alcohol in plastic jars. The dried slurry was calcined at 850 o C for 6h, then the calcined powders were pressed into disks of 9 mm diameter and 1 mm thickness under 10 MPa using PVA as a binder.
After burning off the PVA, the resulting pellets were sintered at 1060~1120 X-ray diffraction (XRD) (Bruker D8 Advanced XRD, Bruker axs Inc., Madison, WI, CuK α ) characterization was used to collect the crystal information of the ceramics. In situ synchrotron XRD was carried out at the Shanghai Synchrotron Radiation Facility using a beam line 14B1 (λ=1.2348Å), and two sides of the ceramics with x=0.03 were sputtered with gold electrode for measuring the crystal structure under an electric field.
For the Rietveld refinement, the as-sintered samples were ground into powders and then annealed at 600 cell with an experimental lattice constant and let the atomic sites become fully relaxed until the force tolerance was 0.01 eV/Å. Additionally, virtual crystal approximation (VCA) was adopted to simulate the real atom distribution in the disordered crystals [32] .
Results and discussion
The phase structure of the (1- assigned to the easy polarization rotation in the R-T phase, which was supported by the ultralow ∆U T-R (~7.4 meV) [21] . Therefore, the exact path of the polarization rotation and the related physical mechanisms were investigated, especially to establish the existence of the intermediate phase. The Raman spectra strongly supported the existence of an R-T phase boundary. the decreasing distance between Nb and its coordinated oxygen [19] ; more details can be found in Table 1 . As x increased from 0.1 to 0.3, the cell parameter a (=b) of the T phase reduced from 3.9813 Å to 3.9592 Å, and the parameter c increased from 3.9516 Å to 3.9682 Å, resulting in an overall reduction in the distance between Nb and its coordinated oxygen. As x further increased from 0.03 to 0.04, which exactly corresponded to the R-T phase boundary zone, both ν 1 and ν 5 remained almost unchanged due to the similar parameters (a, b, and c) of the R and T phases [ Table 1 Table 1 ] [20] . Thus, the XRD patterns, ɛ r -T curves (Figs. S1-3 of Supporting Information), Raman spectra, and Rietveld refinement all fully supported the existence of the R-T phase boundary.
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Previously, the low polarization anisotropy was recognized at PZT-based ceramics possessing the MPB, which was proved by the flat Gibbs free energy profile between R and T phases [7, 8, 14] . Therefore, the energy differences between the O and T phases, and between the coexisting R and T phases, were calculated following first-principles methods [plotted in Fig. 3(e) ]. The calculations were performed using the simple (K 0.4 Na 0.6 )NbO 3 mode with the cell parameters listed in Table 1 ∆U T-R allowed the stable coexistence of the R and T phases, with a low rotation barrier either from the T to R phase, or from the R to T phase [21] . Fig. 8(b) ].The striped domain structures were reported previously in the T phase region of KNN-based ceramics [26] . As we know, the occurrence of domain is to reduce the free energy of a material [27, 28] ; then, the empirical equation ݀ ∝ ඥ‫ܨ‬ ௐ determines the scale of domain, where d is the scale of the domain and F DW is the domain wall energy [29] . According to the previous reference, a low F DW was observed in the MPB region of PZT-based ceramics with an R-T coexistence phase due to the low polarization anisotropy, leading to the occurrence of
nanodomains [27] . In this work, the polarization anisotropy was greatly diminished due to the stable R-T phase with an ultralow ∆U T-R =7.4 meV, resulting in the occurrence of nanodomains. As a result, these striped and irregular nanodomains easily responded to external stimulation (electric field or stress), enhancing the net piezoelectricity. 
Conclusion
A wide zone where the R and T phases coexist (R-T phase) was constructed in 
